Abstract-We propose a novel photonic millimeter-wave (mmwave) generation technique using two cascaded ElectroAbsorption Modulators (EAMs). The two cascaded EAMs are driven by the same low radio frequency (RF) signal but with certain phase shift to suppress odd-order optical sidebands and enhance second order sidebands to obtain frequency doubling and quadrupling. It is shown that RF modulation voltage, phase shift between the two EAMs, and their bias voltages are the keys to be adjusted to efficiently generate high quality mm-wave signal. Experimental proof of concept is also demonstrated.
INTRODUCTION
With the rapid development of wireless communications, millimeter-wave (mm-wave) frequency range of 57-64GHz has attracted a growing interest in recent years because of limited bandwidth and spectral congestion at low microwave frequencies. When it comes to the transmission of mm-wave signals, radio-over-fiber (RoF) system is considered as a broad-band and cost-effective solution to distribute the mmwave signals [1] . As a result, how to generate mm-wave signals in RoF systems has become an attractive topic recently. A number of techniques for photonic mm-wave generation have been proposed and demonstrated, such as use of optical frequency multiplication (OFM) [2] [3] [4] , optical heterodyne detection with optical interleaving [1] , frequency up-conversion using optical amplifier [5, 6] and four-wave mixing [7] .
Among all those techniques, OFM is considered as a costeffective technique which can be used to generate high-purity and high-frequency mm-wave signals [2] [3] [4] . The principle of OFM technique is to generate high-order optical sidebands using a laser with an electrical to optical (E/O) converter, such as an external optical modulator. When the E/O converter is driven by a low RF signal, nonlinear response of the E/O converter may generate higher-order optical harmonics or sidebands. OFM techniques based on a Mach Zehnder modulator (MZM) and two cascaded MZMs have been reported [2] [3] [4] . MZM can be used to generate high-purity mmwave signals with a simple configuration. However, to suppress either even-order or odd-order optical sidebands, the MZM should be biased at the either minimum or maximum point of transfer function, and the bias drifting would happen so that the desired sidebands are not maximized any more, introducing poor system robustness [8] . Besides MZMs, electro-absorption modulators (EAMs) have also been extensively studied as a low-power-consumption and low-cost external modulator. An EAM has many advantages, such as low drive voltage, high extinction ratio, polarization independence and monolithic integration capability with other optical components compared to an MZM.
In this paper, we shall investigate the photonic generation of mm-wave signal using two cascaded EAMs. This technique uses a low RF signal to drive the two cascaded EAMs with a certain phase shift. The electrical phase shift can be optimized to suppress the first-order optical harmonics and maximize the second-order harmonics. Two strong second-order optical sidebands are generated and have a frequency spacing of four times of the driving RF. By beating the optical carrier with the two strong second-order sidebands, frequency doubling of a low RF signal can be obtained. Similarly, beating of the two strong second-order sidebands results in a frequency quadrupling of a low RF signal. The performance of mm-wave signal generated with frequency doubling and quadrupling is investigated in an RoF system considering the impact of phase shift, and voltage of the RF signal and bias that drives the EAMs.
II. PRINCIPLE AND THEORY
An EAM transfer function may have more pronounced nonlinearities, so the EAM may lead to stronger nonlinear effects than an MZM. As a result, strong high-order harmonics may be generated due to the pronounced nonlinearities of the EAM [9] . When two cascaded EAMs are used for the mmwave generation, to maximize the desired optical sidebands and minimize the undesired ones can be obtained by optimizing the bias and RF modulation voltage [9] . The mechanism of the proposed technique is to suppress first-order optical sidebands and maximize the second-order sidebands, in order to efficiently generate mm-wave signal for frequency doubling and quadrupling.
The configuration of the cascaded EAMs is shown in Fig.  1 , where a light is injected to the first EAM that is connected to a second EAM. A low RF signal is split equally and drives the two EAM. A phase shifter is inserted in one arm of the RF splitter. In fact, this electrical phase shift can be replaced by an optical phase shift. Extending the representation in [9] , the transfer function of the two cascaded EAMs can be given as ( ) ( ) 
where β n is the relative amplitude of the optical field component at frequency nf with respect to the optical carrier given by The photocurrent can be calculated through
where ℜ is responsibility of photodetector. δ n is the relative amplitude of the current component at frequency nf and can be expressed using the same procedure to express β n by (4) and substituting a k and b k by 2a k and 2b k , respectively, when computing γ k and φ k according to (2) . Then the RF power at nf can be computed by
III. ANALYSIS BY THOERY AND SIMULATION
In order to have better predication of mm-wave generation using two cascaded EAMs for frequency doubling and quadrupling, we consider two commercially available EAMs that will be used latter in the experimental proof of concept. Therefore, we first measured the transfer characteristic of an electro-absorption modulator integrated laser (EML) (1544. 14 nm) and an individual EAM. The measured normalized transfer characteristics are shown in Fig. 2 (a) and (b) for the EML and EAM. The coefficients, extracted by curve fitting according to Eq. (1), are listed in Table I . We used our developed theoretical analysis above to compute the optimum phase shift to minimize the first order optical sidebands (at ±f) and maximize the second order optical sidebands (at ±2f) for given V 0 , V b1 and V b2 of the two cascaded EAMs. We consider P in =1mW, f = 6.1 GHz, V 0 = 0.5 and 1 V, and V b1 = 1 and V b2 = 3 V. Then, the optical power ratio of the second order sideband at ±2f to the first, third and forth order sidebands at ±f, ±3f, and ±4f, respectively, can be calculated using Eq. (5) and simulated using VPI TransmissionMaker [10]. Fig. 3 To study the impact of RF modulation voltage, we set the phase shift to 180 o , V b1 =1 V and V b2 =3 V, and then vary V 0 . Fig. 4(a) shows the calculated (lines) (using Eq. (5)) and simulated (marks) optical power ratio of the second order sideband at 2f to first, third and fourth order sideband at f, 3f and 4f, respectively, versus RF modulation voltage. It is shown from Fig. 4(a) that maximum suppression of 24.4 and 55.6 dB of first and third order optical sideband occurs at RF modulation voltage of 0.75 and 0.65 V, respectively, whereas the fourth order optical sideband increases monotonically with the RF modulation voltage. When V 0 is ~0.55 V all the first, third, and fourth order optical sidebands are suppressed by more than 19.4 dB in power level below the second order optical sidebands. In this way, in-band distortions due to the contribution from beating between the undesired optical sidebands are reduced accordingly, and high purity mm-wave with frequency doubling and quadrupling can be realized. Fig.  4(b) shows the calculated (lines) (using Eq. (7)) and simulated (marks) RF power ratio of the generated signal at 2f (frequency doubling) and 4f (frequency quadrupling) to undesired component at f and 3f, respectively, versus RF modulation voltage. For frequency doubling, the undesired RF component located at f can be suppressed by more than 22.7 dBc below the generated RF signal at 2f when V 0 =0.7 V as shown in Fig. 4(b) . On the other hand, for frequency quadrupling the undesired RF component at 3f is more than 47.9 dBc suppressed below the desired RF signal at 4f when V 0 =0.5 V. Fig. 4(b) shows that the optimum RF modulation voltage is different for frequency doubling and quadrupling.
To investigate the impact of bias voltage, we set V 0 = 0.5 V and V b1 =1 V, and sweep V b2 from 0 V to 3 V. Fig. 5 (a) and (b) shows the calculated (lines) and simulated (marks) relative optical and RF power versus bias voltage V b2 . It is shown that 50.8 and 39.5 dB maximum suppression of the first and third order optical sidebands can be achieved by setting V b2 to 1.2 and 3 V, respectively. The fourth order optical sideband is more than 21 dB suppressed blow second order sideband over the whole variation range of V b2 (0~3 V). Fig. 5(b) shows that 38.9 and 47.9 dBc maximum suppression of the undesired RF component at f and 3f, below the desired generated RF component at 2f and 4f, can be achieved at V b2 = 1.2 V and 3V, respectively. At V b2 = 3 V the undesired RF component at f is suppressed by more than 17.7 dBc below the desired RF component at 2f, whereas at V b2 =1.2 V the undesired RF component at 3f is 10.9 dBc higher than the desired RF component at 4f. This suggests that V b2 =1.2 and 3 V is optimum and results in high purity mm-wave generation by frequency doubling and quadrupling, respectively.
IV. EXPERIMENTAL PROOF OF CONCEPT
Experimental setup for mm-wave generation using the proposed technique is shown in Fig. 6 . In the experiment, a low cost EML (from JDSU) was cascaded with an individual EAM (from OKI). The laser source of the EML was biased at current of 90 mA and temperature was set to 25 o C to emit light at wavelength of 1544.146 nm. The total RF input power to the two cascaded EAMs was 7 dBm (V 0~0 .5 V) at 6.1 GHz. The modulated signal was amplified, by an erbium doped fiber amplifier (EDFA), to 4.0 mW before it was transmitted through a 20 km of fiber with dispersion of 17 ps/nm/km and an attenuation of ~0.25 dB/km. To reduce amplified spontaneous emission noise (ASE) the optical signal was filtered by a tunable filter of 0.55nm bandwidth. After photodetection, by a PIN diode of 35GHz bandwidth and 0.62 A/W DC responsivity, the generated RF signal was amplified by an LNA of 22 dB gain and noise figure of 2.6 dB.
By adjusting bias voltages of the two EAMs, optimum suppression of the first-order optical sidebands was achieved at bias voltage of the EML V b1 =~1 V and of the EAM V b2 =~3 V. It is found that the power of the second-order optical sidebands was enhanced with the increase of the input RF signal power. Furthermore, more suppression of the first-order optical sidebands can be achieved when the phase shift between the two cascaded EAMs was close to 180 o . Fig. 7 (a) and (b) shows the measured optical before the EDFA and RF spectrum after the LNA using an optical and RF spectrum analyzer (OSA and RSA), respectively. For comparison, we also simulate the optical and RF spectrum shown in Fig. 8 (a) and (b), respectively. The simulation set-up and system's parameters are identical to the ones used for experiment shown in Fig. 6 . Fig. 7(a) shows that the first-order optical sidebands are suppressed by ~12 dB below the second-order optical sidebands. However, this result is not as good as the expected of ~17.3 dB as shown in the simulated optical spectrum of Fig.  8(a) . One of the reasons is due to the imprecise manual tuning of bias voltage, phase shift and some voltage unbalance between the driving signals of the two EAMs as shown from the asymmetry of the optical spectrum. It is seen, from Fig.  7(b) , that the generated RF power at f (6.1 GHz), 2f (12.2 GHz), 3f (18.3 GHz) and 4f (24.4 GHz) is -33.880, -14.480, -50.670 and -44.36 dBm, which is in good agreement with the simulated RF power (see Fig. 8(b) ) of -35, -14.2, -51 and -41dBm, respectively. This is due to the suppression of first and third -order optical sidebands and enhancement of the second-order optical sidebands. The RF power at 6.1 and 18.3 GHz is minimized while the RF power at 12.2 and 24.4 GHz is maximized. The generated RF signal at 24.4 GHz presents a signal to noise ratio of more than 25 dB. This suggests that the proposed technique is efficient for mm-wave generation using frequency doubling or quadrupling.
V. CONCLUSION Theoretical analysis was performed with simulation to investigate the performance of mm-wave signal generation with optical frequency doubling and quadrupling using two cascaded EAMs. An experimental proof of concept is carried out using a low cost EML cascaded with an individual EAM. By tuning the phase shift, magnitude of the RF input signal and bias voltages of the cascaded EAMs, an RF signal of 12.2 GHz and 24.4 GHz were generated from a low RF signal of 6.1 GHz with high purity. Good agreement between theory, simulation and experiment are obtained.
